We present nuclear spin-independent and dependent parity non-conservation amplitudes for the [4f 14 ]6s 2 S 1/2 −[4f 14 ]5d 2 D 3/2 transition of 171 Yb + , calculated using perturbed relativistic coupledcluster theory. As a proxy to estimate theoretical uncertainty of these results we calculate the excitation energies, hyperfine structure constants and E1 transition amplitudes for the important low lying states. The PNC results presented in paper shall be useful in the propose PNC experiments.
I. INTRODUCTION
The theoretical results of atomic parity nonconservation (PNC) when combined with the experimental results is an important probe of physics beyond the standard model of particle physics [1] . There are two sources of PNC in atoms, nuclear spin-independent (NSI) and nuclear spin-dependent (NSD). The NSI-PNC is well studied and experimentally observed in several atoms. The most precise measurement till date is in the case of atomic Cs [2] . The same experiment also indicated a signature of NSD-PNC effects. The most dominant source of which is the nuclear anapole moment (NAM), a parity odd nuclear electromagnetic moment arising from parity violating interaction within the nucleus [3] [4] [5] . However, there are two other contributions to NSD-PNC, these are the NSD electron-nucleus Z exchange interaction and the combined effect of hyperfine interaction and NSI electronnucleus Z exchange interaction.
The parameters describing nucleon-nucleon coupling, effect of NAM is subsumed into it, extracted from the Cs PNC experiment do not concur with the nuclear data [6] . This certainly calls for the further investigation of the NSD-PNC effects in other atomic systems as well. An example of an alternative experiment is the proposal to measure the PNC in Ba + ion, suggested by Fortson [7] and is in progress at Seattle [8, 9] . This experiment could lead to an unambiguous observation of NAM in the 6s 2 S 1/2 − 5d 2 D 5/2 transition, as the NSI-PNC alone does not contribute to this transition. It is important to note that the major difficulty to a clear observation of NAM is the large NSI signal, which overwhelms the NSD signature. The Ra + ion has also been suggested and is considered to be an important candidate for the PNC measurement [10, 11] . Apart from Ba + and Ra + ions which are one-valence systems the other promising candidate for PNC, the NAM in particular, measurement is the atomic Yb. An enhanced effect of PNC has already been reported [12, 13] in neutral Yb, the 6s 2 1 S 0 − 6s5d 3 D 2 transition, and for further refinement of the experiment is in progress at Berkeley. The 6s 2 S 1/2 − 5d 2 D 3/2 transition in Yb + , has also been suggested to reveal the NAM signature and is being investigated at Los Alamos [14, 15] .
The atomic theory results using reliable and accurate many-body methods are key to estimate the expected value of PNC transition amplitudes and extracting NAM. For the theoretical calculations, the relativistic coupledcluster (RCC) theory [16, 17] can be of great significance, as it is one of the most reliable many-body theory to incorporate electron correlation in atomic calculations. The RCC has been used extensively in atomic structure calculations [10, [18] [19] [20] [21] [22] [23] of properties like transition energies, hyperfine structure constants, electromagnetic transition amplitudes, intrinsic electric dipole moment and PNC in atoms. Apart from atomic physics, it has also been used with great success in nuclear [24] , molecular [25] and the condensed matter [26] physics.
In this work, we employ perturbed relativistic coupledcluster (PRCC) theory to calculate NSI and NSD-PNC amplitudes of the [4f 14 ]6s 2 S 1/2 − [4f 14 ]5d 2 D 3/2 transition in the case of 171 Yb + ion. This is timely as there are few theoretical results, Sahoo et al [27] and Dzuba et al [28] for NSI-PNC and Dzuba et al [28] and Porsev et al [29] for NSD-PNC are the previous works. The NSI-PNC results from Ref. [27] calculated using RCC method differ substantially from Ref. [28] where the correlationpotential-method with sum-over-state approach is employed to calculate NSI and NSD-PNC. The NSD-PNC results reported in Ref. [29] are based on RPA and, in general, is in agreement with the results reported in Ref. [28] . However, the later is based on the sum-over-state approach, at the level of PNC matrix elements. The PRCC method [30] [31] [32] employed in present work is different from the sum-over-states approach. It accounts for the all singly and doubly excited intermediate states.
There are two sets of the cluster amplitudes in the PRCC, and the summation over states in the first order timeindependent perturbation is incorporated in one set of the cluster amplitudes.
The paper is organized as follows. In Section. II, we provide a brief description of the theoretical methods. The unperturbed RCC equations for close-shell and onevalence systems are given to serve as a easy reference. The perturbed RCC is then discussed in detail and PRCC equations are derived. The expression for E1PNC using PRCC wave function and some leading order diagrams are also discussed. Results from the work and uncertainty estimates are presented and discussed in Section. III.
II. THEORETICAL METHODS
In absence of PNC interaction the atomic states are of definite parity, and we consider these as the eigen states of the no-virtual-pair Dirac-Coulomb Hamiltonian [33] 
where α i and β are the Dirac matrices, p is the linear momentum, V N (r) is the nuclear Coulomb potential and the last term is the electron-electron Coulomb interactions. The operator Λ + projects on the positive energy eigenstates to avoid the negative energy continuum solutions. The Hamiltonian H DC satisfies the eigen value equation
where |Ψ v is the exact atomic state of the one-valence system and E v is the corresponding energy. Here after, for compact notation, we use H to represent H DC . In the present work, we use RCC theory with the single and doubles (CCSD) excitation approximation to solve Eq. (2). In RCC, |Ψ v is expressed in terms of the closed-shell and one-valence cluster operators, T (0) and S (0) respectively, as
where superscript (0) represents the unperturbed RCC operators. The one-valence Dirac-Fock (DF) reference state |Φ v is obtained by adding an electron to the closedshell reference state,
2 . Using the second quantized representation Fig. 1 .
The open-shell cluster operators are then the solutions of nonlinear equations [34] 
The details on the derivation of these equations are given in our previous work [35] .
In presence of PNC interaction atomic states mix with the opposite parity states and the total atomic Hamiltonian is
Here, λ is the perturbation parameter and H PNC represents the any general PNC interaction Hamiltonian. It has two components, the NSI and NSD interaction. These are
where, G F (= 2.22 × 10 −14 a.u.) is the Fermi coupling constant, Q W and µ W are respectively the weak nuclear charge and the weak nuclear moment of the nucleus expressed in terms of neutron and proton numbers, α and γ 5 are the Dirac matrices, ρ N (r) is the normalized nuclear density and I is the nuclear spin. Compared to the NSI-PNC, the NSD-PNC require two important considerations because of the nuclear spin operator I. First, the cluster operators in the electron space are rank one operators, and second, the atomic states in the one-valence sector are eigenstates of total angular momentum F = I+J.
Similar to the unperturbed eigen value equation, Eq. (2), we may write the perturbed eigenvalue equation, satisfied by the total atomic Hamiltonian, as
where | Ψ v is the perturbed atomic state and E v is the corresponding energy. To the first-order in λ, is to indicate the multipole structure of the operators.
derive the PRCC equations we consider the NSD-PNC interaction Hamiltonian. Using Eq. (8b), we can rewrite Eq. (9) as
Here, H NSD elc 
PNC is an odd parity operator it connects opposite parity states only. In the PRCC theory, the perturbed wave function is expressed as
where T (1) and S (1) are the closed-shell and one-valence PRCC operators, respectively. The superscript (1) is used to indicate the perturbation. The diagrammatic representation of these cluster operators are shown in Fig. 2 .
Using Eq. (11) in Eq. (10), we can rewrite the eigenvalue equation as
To derive the PRCC equations, we project the above equation on e −T (0) and retain the terms linear in λ. In addition, for further simplification, we use normal-ordered form of the Hamiltonian H N = H − Φ v |H|Φ v . After these sequence of operations, the eigenvalue equation is modified to
where 
While deriving the equations we have used the relations Φ 
These equations can be derived from the closed-shell perturbed eigenvalue equation. We can also derive a similar set of PRCC equations for the NSI-PNC interaction Hamiltonian. One major difference is, the cluster operators are rank zero operators. After solving the RCC and PRCC equations, we can use the atomic states for the properties calculations. The RCC expressions and the diagrams contributing to the hyperfine structure (HFS) constants and the E1 transition amplitudes are derived and discussed in our previous work [34] . In the present work, we use the same expressions and diagrams to compute HFS constants and E1 transition amplitudes. The PNC induced electric dipole transition amplitude, using PRCC wave function, is
where D is the dipole operator. This expression, unlike the conventional sum-over-sates approach, implicitly account for all the possible intermediate states. From Eq. (11), for the NSD-PNC interaction, the transition amplitude is
Consider terms linear in λ and retain only those up to second order in cluster amplitude. Define the electronic component as E1 NSD elec , corresponding to the H NSD elec , it is then given as
To calculate E1PNC, we use diagrammatic analysis to identify the Goldstone diagrams from these terms. However, we exclude the structural radiation diagrams, arising from the terms involving two-body cluster operators, for example, T
2 DT
2 . The selected diagrams from the leading order and next to leading order terms are shown in the Fig. 3 .
Some of the leading order PRCC diagrams which contribute to the E1 PNC elec of one-valence atoms.
III. RESULTS AND DISCUSSIONS

A. Single-particle basis functions
For all the calculations we use Gaussian type orbitals (GTOs) or single particle wave functions with V N −2 potential. As mentioned earlier, to incorporate the relativistic effects we use the Dirac-Coulomb atomic Hamiltonian. For the nuclear potential we consider the finite size Fermi density distribution
here, a = t4 ln 3. The parameter c is the half-charge radius, that is ρ nuc (c) = ρ 0 /2 and t is the skin thickness. The orbitals are of the form
where P nκ (r) and Q nκ (r) are the large and small component radial wave functions, κ is the relativistic total angular momentum quantum number and χ κm (r/r) are the spinor-spherical harmonics. The radial components are then defined as linear combination of Gaussian type functions [36, 37] 
The index p = 1, 2, . . . , m, where m is the number of basis functions and C ··· κp are the coefficients of linear combination. For large component we choose
where n κ is an integer and C L mκi is the normalization constant. The small component are derived from the large components using kinetic balance condition. The α p follow the general relation
The parameters, α 0 and β, are optimized such that the single particle energies of the core and valence orbitals are in good agreement with the numerical results, obtained from GRASP92 [38] . In Table. I, we compare the energy of the valence orbitals from the GTO with the GRASP92 data. The excitation energies, hyperfine structure constants and the E1 transition amplitudes from our calculations are listed in the Tables. II, III and IV, respectively. These results are obtained using a fairly large basis of 177 active GTOs, it consists of 19, 17, 17, 17, 15 and 13 orbitals in the s, p, d, f , g and h symmetries, respectively. To arrive at this basis set we start with a moderate size of 100 active orbitals with the combination 12s, 10p, 10d, 10f , 8g and 6h. And perform seven sets of calculations by adding one orbital to each symmetry in every successive sets. The % change in HFS constants and E1 transition amplitudes with respect to number of active orbitals are shown in Fig. 4 . As we see in the figure, the E1 transition amplitudes converge and there is no observable change in the amplitudes after 155. On the other hand, for HFS constants we observe a slower convergence pattern. It is evident from the figure that the HFS results are close to convergence. The maximum uncertainty is about 0.5%, in the case of 5d The excitation energies from our calculations are listed in Table. II. As described in Sec. II, these are calculated using RCC with the CCSD approximation. Except for the 6p 2 P 3/2 excitation energy, our results are better or on par with the previous theoretical results when compared with the experimental data. The all-order results reported in Ref. [29] are closer to the experimental data than the other theoretical results, including the present work. For the 6p 2 P 3/2 , our result is in close to the RCC result of Sahoo and collaborators [27] . Among the other three results for this level, our result is closer to the Ref. [29] . The dominant excitations which contribute to the denominator of the NSI-PNC matrix are 6s 2 S 1/2 − 6p 2 P 1/2 and 6p
However for the NSD-PNC, these are 6s
The accuracy achieved for these in the present work are 3.4%, 4.5%, 2.4% and 4.6%, respectively. We have incorporated these errors in the total uncertainty estimates for the PNC results.
In the results, our result is also larger than the experimental result. Among the theoretical results, our result for this state is closer to the Ref. [27] . The reason for this is the method employed and the type of the orbitals used in the two works are similar. For the 6p 2 P 3/2 state there is a large discrepancy between the theoretical results and experimental data. However, it must be emphasized that the experimental data is from a relatively old measurement. Our result lies between the third-order MBPT results of Ref. [40] and the RCC result of Ref. [27] .
The impact of the electron correlation effects is discernible in the The E1 transition amplitudes are presented in the Table. IV. For comparison the results from the other theoretical and experimental works are also listed. Like HFS constant, transition amplitudes are calculated using the RCC wave functions. We have used the similar expressions and diagrams as the HFS except for one key difference, the hyperfine operator is replaced by the dipole operator. The experimental results are available only for the 6s 2 S 1/2 − 6p 2 P 1/2 , 6s 2 S 1/2 − 6p 2 P 3/2 and 6p 2 P 1/2 − 5d 2 D 3/2 transitions. Among all the theoretical results, the results from the recent all-order work [29] are closest to the experimental data. All other results, including ours, are on the higher side of the experimental value. The component wise contributions are listed in the Table. V. Like in the case of HFS constant, the DF term has the dominant contribution. It contributes approximately about 118%, 116%, 123%, 124% and 121%, respectively, for the transitions listed in the table. A close agreement is observed in the DF data from our calculation with the Ref. [29] .
C. NSI-E1PNC
For calculation of NSI-E1PNC, we use the expression Eq. (18) derived for NSD-E1PNC in the electronic space. However, the important difference in this case is, as mentioned earlier, the PRCC cluster operators are rank zero operators. In terms of diagrams, the ones with dominant contributions are derived from Fig. 3 with the NSDperturbed operators replaced by the NSI-perturbed ones. In Table. VI, we list the contributions from the different terms in PRCC. Among all the terms, the largest contribution, about 117% of the total value, is from DS is consistent with the pattern of correlation reported in Ref. [27] . The next leading order contributions are DS Table. VII. The same analysis but at the DF level is presented in Table. VIII. As we see in both the tables, dominant contribution is from the 6p 2 P 1/2 state, contributing about 117% of the total value. The reason for this is, large H PNC induced mixing with the energetically closer 6s 2 S 1/2 state. The PRCC value is about 42% larger than the Dirac-Fock contribution. This can be attributed to the large amplitude of S (1) 1 , and hence to the correlation effects incorporated using PRCC. The next dominant contribution among the core orbital is 5p 1/2 . This contributes to T the H PNC perturbed 6s 2 S 1/2 . In this case as well PRCC contribution is larger than the DF.
The total NSI-E1PNC result from our calculation is presented in Table. X. We have also listed the DF contribution. The other two theoretical results are based on the calculations with correlation-potential-method [28] and RCCSD(T) [27] . The E1PNC result from these two works differ from each other substantially. The CCSD(T) result from Ref. [27] is about 26% larger than Ref. [28] . Our DF value is marginally on the higher side of the value reported in Ref. [27] . However, the total result lies between Refs. [28] and [27] , but closer to the coupledcluster result of Ref. [27] .
D. NSD-E1PNC
For the NSD-PNC, the dominant contributions from various PRCC terms in Eq. (18) are listed in Table. VI. For hyperfine transitions F v = 0 → F w = 1 and
is the leading order term. It contributes about 231% and -130%, respectively. For transition F v = 1 → F w = 1, however, S
(1) † 1 D is the dominant term, contributing about -123% of the total value. The same trend is reported in Ref. [28] , where the contributions are about 252%, -226% and -157%, respectively, for the F v = 0 → F w = 1, Table. VI, are 39%, 11% and -22%, and -24%, -59% and -4%, respectively. Non-negligible contributions are also observed from the terms T Unlike NSI-PNC, in NSD-PNC np 3/2 states also contribute to the E1PNC matrix element. In Table. IX, we list dominant contributions from odd parity np 1/2 and np 3/2 states in the PRCC calculations for the F v = 0 → F w = 1 transition, and specifically the contributions from DS Table. VIII. As we see in these tables, both at DF and PRCC levels, the dominant contribution is from the 6p 2 P 1/2 state. The total contribution from this in the PRCC calculations is about 150%, which can be attributed to the 230% and -79% contributions from DS The NSD-E1PNC total results are given in Table. X. For comparison we have listed the DF contributions. Our DF results 6.915, 1.632 and −3.643 for the three hyperfine transitions listed in Table. X compare well with the results 6.90, 1.70 and −3.70, reported in Ref. [29] . Our total results, however, are on the higher side of the random-phase approximation (RPA) based results from Ref. [29] for all hyperfine transitions. The other theoretical NSD-PNC data available for comparison is from Dzuba et al [28] using the correlation-potential-method. Our results for transitions F v = 0 → F w = 1 and F v = 1 → F w = 2 are in good agreement with their results. For transition F v = 1 → F w = 1, however, our result is higher than their value.
E. Uncertainty estimates
To calculate the uncertainty of our E1PNC results we resort to a analysis based on the sum-over-state approach. In this method, the net uncertainty associated with an intermediate state is
where δE exci and δE1 are the deviations of excitation energy and E1 matrix element form the experimental data. And these are calculated based on results presented in Tables. II and IV, respectively. For δH PNC , uncertainty associated with H PNC matrix, we resort to the deviation of A i A f from experimental data, where A i and A f represent the magnetic dipole hyperfine constants of initial and final states of the E1PNC transition.
As discussed earlier, dominant contribution to NSI-PNC is from the 6p 2 P 1/2 state, which contributes through DS To estimate the uncertainty of the the PNC results, we also calculate excitation energies, hyperfine structure constants and E1 transition amplitudes for some of the important low lying states, using RCC theory. The E1PNC results are computed using PRCC theory, which is formulated based on RCC theory and it incorporates electron correlation effects arising from a class of diagrams to all order in the presence of PNC interaction as a perturbation.
Our results for excitation energies, hyperfine structure constants and E1 transition amplitudes are in good agreement, in some cases better, with the previous experimental data. Our NSI-PNC result lies between the results from two previous studies reported in Refs. [28] and [27] . The NSD-PNC DF results from our work is in excellent agreement with the results reported in Ref. [29] for all hyperfine transitions. The total NSD-PNC result for the F v = 0 → F w = 1 hyperfine transition lies between the results of Refs. [28] and [29] . For the remaining two, our results are slightly on the higher side. The upper bound to the theoretical uncertainty associated with E1PNC results is about 20%.
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